In the paper an electric drive system of series-wound universal motor powered by semiconductor converter is considered. The system characteristics and calculation procedure using spectral method of Solodovnikov and aligning procedure are shown. We derived and displayed expressions for two-dimensional non-stationary transfer functions and non-stationary spectral characteristics of output variables of automated control system of single-phase series-wound universal motor powered by semiconductor converter. We also show results of electromagnetic calculation of the electric drive system of series-wound universal motor powered by semiconductor converter for various firing angles θ of the converter, as well dependences of conduction angle ωt for varied values of rotational speed Ω and load torque on the shaft of the motor.
Introduction
The automatic control theory methods based on handling of transfer functions, unit-impulse responses, etc. have advantages over numerical solutions, as they provide for the ability to carry out deeper analysis and perform less design steps. The further development of the automatic control theory enables one to adapt these methods to digital computing systems. The spectral analysis is one of the methods mentioned above that calculates using algebraic algorithms, making it also possible to carry out some analytical operations, greatly reducing computation time. There are no limitations with the degree of differential equations, number and character of variable parameters and number of feedback cycles.
Modern semiconductor devices installed in AC voltage circuitry or rectified power voltage circuitry [1, 5, [11] [12] [13] are presently used for the control of single-phase commutated series-wound motors. When a single-phase commutated motor is operated on such a semiconductor converter, machine operation has a number of issues due to power voltage ripples. Additional losses in windings of copper, magnet core steel, and structural components are caused by the presence of AC components in armature current and machine magnetic fluxes. Increases in copper losses are related to the rise of effective armature current and significant build-up of copper resistance by current variables. In general, the harmonic composition of the armature current depends on the spectrum of converter output voltage and equivalent resistance of armature circuit for the specific harmonic components [2, 3, [15] [16] [17] [18] .
Concept headings
Specific features mentioned above and others actualize the task of research of electromagnetic processes in engine circuits and an identification of the main functional relationships of output characteristics from controlled parameters. In order to compose an algorithm for motor analysis as an object of control, provided that input actions and initial conditions have been determined, the equations for twodimensional unstable transfer functions and unstable spectral characteristics of output variables are deducted: motor rotation speed Ω(t), torque M(t), and armature circuit current I(t). Considering that the output coordinates are described by piecewise smooth, monotone functions, it is reasonable to assign a system of unstable orthonormal trigonometrical functions as a basic one, in order to obtain the most simple equations for spectral characteristics. Given the linear properties of unstable spectral characteristics, derived time functions at non-zero initial conditions and the product of time functions, we deduct the following equations (hereinafter, lower index "c" indicates the spectral characteristic of the appropriate function): In order to develop a multi-dimensional transfer function of the system under research, the output actions and output signals represented by column matrices g(τ) and x(τ) have been arranged :
where М с (τ) -static torque on a motor shaft; t0 -initial value of time in the specified cycle.
The matrix of two-dimensional unstable transfer function of the system is as follows:
where Фµν(t,t) -transfer functions characterizing μ output (μ = 1, 2, 3) and ν input (ν = 1, 2, 3, 4, 5) connection.
The above-mentioned functions allow for the building up of a block diagram for the system ( fig. 1) [4] . In this case, the operators are replaced by spectral characteristics of signals.
The nonlinearity associated with the relationship of absolute permeability and the current is approximated by the truncated orthonormal series.
Considering the symmetric property of the nonlinearity, the permeability can be defined as follows: The algorithm for the matrix cells calculation should be first built up in the way that the transfer functions could be defined in fixed time interval and then the calculation should be continued with alignment method. Figure 2 shows the calculation block diagram for nonlinear system built up to find Ф31(t,t) matrix. This block diagram is presented in the form of the parallel connection of the circuits with Ф1(h, i1, t), i1, i2, i3, i4, i5, i6, t) transfer functions. С1, С2 and С3 factors are derived from the multi-dimensional unstable transfer function of μ(I) nonlinear section. Consequently, Ф31(t,t) defines I(τ) relationship that has been obtained by summation of all systems responses.
The obtained proportions help to formulate equations that allow to do research of transition processes and quasi-steadystate phenomena in the motor. 
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The transfer function of the converter, as a section of an automatic control system can be presented by the following equation:
. Figure 3 shows the calculation algorithm for control system as per "converter-motor" flowchart. The calculation is carried out by means of the alignment method. First, the initial conditions of the system are determined and then their spectral characteristics are obtained on the ground of the basic orthonormal functions system.
Figure. 2. Calculation block diagram for nonlinear system
The spectral characteristics of other input signals and transfer functions of all system sections are determined in the same way. The calculation of system behavior is carried out within the specified time interval tj provided that the final values of output coordinates of motion are at the same time as the initial values for the following time interval tj+1. The same equations are used for calculation. It is only initial conditions of each interval that are different.
Result
The formulated algorithm is performed in MatLab software that allows studying the joint action of valve-type converter and single-phase commutated series-wound motor. The results ( fig. 4a, 4b and 4c) show that the conductance time of the valve depends on control angle θ, frequency ω, armature current I and rotation speed Ω. Besides, if the motor rotation speed increases, the time of valve conducting state decreases. The linear relationship of conductance angle of valve, armature current and motor rotation speed proportion at different control angles is detected [6] [7] [8] [9] [10] . Figure 5 shows the results of electromagnetic calculations for the system at different converter control angles θ. The obtained relationships of valves conductance angle ωt at different values of motor rotation speed Ω and its shaft load can be used in approximate calculations of systems equipped with single-phase commutated series-wound motor. The linear character of the relationships increases their practical relevance. 
Discussion
The undertaken research based on the obtained mathematical model of the single-phase commutated serieswound motor has revealed the reasonable expectation for simulation of the objects under control that differ by the presence of significant nonlinearities of "magnetization curve", "multiplier" type and also the elements with parameters dependent on time, on the basis of the spectral calculation method of the nonlinear unstable systems.
Conclusions
The proposed methodology of analytical identification of the motions parameters of single-phase commutated serieswound motor shows that the calculation can be carried out only at transient values based on the theory of electromagnetic field.
